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Vpx and Vpr are homologous proteins encoded by the human and simian immunodeficiency viruses. Vpr is encoded by
each of the five primate lentiviral groups, whereas Vpx is restricted to members of the HIV-2 group. A recent report has
proposed that the vpx gene was probably acquired from an ancestral member of the SIVagm group by nonhomologous
recombination. Here, we suggest that this transfer event was more likely to have occurred via homologous recombination
within the 39 region of another gene, vif. Furthermore, phylogenetic analysis strongly suggests that there have been at least
two other horizontal transfer events involving these genes: the first between ancestral members of the HIV-1 and HIV-2
groups, and the second between viruses isolated from the vervet and tantalus subspecies of African green monkey
(Cercopithecus aethiops ssp). © 1998 Academic Press
INTRODUCTION
Human and simian immunodeficiency virus genomes
all contain a vpr gene (Tristem et al., 1992; Hirsch et al.,
1993; Fletcher et al., 1996), the product of which is incor-
porated into virion particles and, after infection, is in-
volved in both cell cycle arrest and (usually) the impor-
tation of reverse transcriptase complexes into the
nucleus of the host cell (Heinzinger et al., 1994; Dimarzio
et al., 1995; He et al., 1995; Re et al., 1995; Planelles et al.,
1996; Emerman, 1996; Fletcher et al., 1996). The Vpr
proteins of each of the five primate lentiviral groups
(HIV-1, HIV-2, and SIVs from mandrill, Sykes, and African
green monkeys) display significant sequence and func-
tional homology, and this homology has been shown to
extend to a second primate lentiviral protein, termed Vpx
(Tristem et al., 1990). In contrast to vpr, vpx is restricted to
members of the HIV-2 group, specifically HIV-2 and two
simian lentiviruses which infect sooty mangabey mon-
keys (SIVsmm) and macaques (SIVmac). Thus members
of the HIV-2 group are the only primate lentiviruses to
encode both Vpx and Vpr. A recent report has demon-
strated that HIV-2 group Vpx has lost the ability to induce
cell cycle arrest and, conversely, that the Vpr protein in
this group can no longer mediate nuclear importation
(Fletcher et al., 1996).
The five primate lentiviral groups are known to be
genetically approximately equidistant with respect to
each other, and this generally leads to a lack of phylo-
genetic resolution for any intergroup relationship (Hirsch
et al., 1993, 1995; Robertson et al., 1995), as shown in Fig.
1. Furthermore, this lack of resolution extends to viral
groupings within the SIVagm lineage: each of the four
subspecies of African green monkey (the vervet, grivet,
tantalus, and sabeus) harbor viruses which (excluding
certain recombinant regions within SIVagm sab) are ap-
proximately equally related to each other (Hirsch et al.,
1995; Soares et al., 1997).
We originally suggested, on the grounds of parsimony,
that the homology between Vpr and Vpx arose by a
complete gene duplication early in the evolution of the
HIV-2/SIVsmm group (Tristem et al., 1990), but Sharp et
al. (1996) recently proposed an interesting alternative
explanation; namely that an ancestral member of the
HIV-2 group (probably SIVsmm) acquired vpx as the
result of nonhomologous recombination with the SIVagm
vpr gene (i.e., the vpx gene arose by a horizontal transfer
of vpr from the SIVagm group to the HIV-2 group). If so,
this would be the first known example of nonhomologous
recombination among lentiviruses. Loss of the cell cycle
arrest and nuclear importation functions of the HIV-2
group Vpx and Vpr proteins, respectively, probably oc-
curred subsequent to this transfer (Fletcher et al., 1996).
Support for the recombination event was based on phy-
logenetic reconstruction, using an amino acid alignment
derived from the encoded proteins of a number of pri-
mate lentiviral vpr and vpx genes, which showed strong
support for a clade containing both the SIVagm Vpr
proteins and the Vpx proteins derived from the HIV-2
group.
Here we argue that there are several pieces of evi-
dence that are not fully explained by either of these
hypotheses: (i) vpr and vpx lie next to each other when
both are present, (ii) there is a considerable overlap
between the vif gene and the vpx or vpr genes in some
primate lentiviral groups, and (iii) the observed phyloge-
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netic relationships of these genes is indicative of a more
complex evolutionary history, which cannot be explained
by any single recombination event.
RESULTS AND DISCUSSION
The central regions of primate lentiviral genomes are
complex and contain several other genes, often also with
overlapping reading frames, in addition to vpr and vpx
(for example see Hirsch et al., 1995). In particular, a
substantial overlap (up to 175 bp in HIV-2 and 185 bp in
SIVagm) can exist between vpx or vpr and the virion
infectivity factor (vif) gene. Vif is essential for productive
infection in primary cells and is required for the release
of infectious virus particles (Borman et al., 1995; Cour-
coul et al., 1995). Thus any proposed explanation for the
homology between the HIV-2 group Vpx and SIVagm Vpr
proteins that involves recombination should not entail
disruption of vif. Furthermore, it should also should ex-
plain the location of vpx, which lies directly adjacent to
vpr within the HIV-2 group. These criteria are met by a
gene transfer involving homologous recombination at the
39 end of the SIVagm vif gene (i.e., the 59 end of the
recombination), transferring both the SIVagm vpr gene
and the overlapping portion of SIVagm vif into an ances-
tor of the HIV-2 group. This mechanism both maintains
the integrity of HIV-2 vif and explains why vpx and vpr lie
next to each other within this group. The 39 end of the
transfer event would still occur by nonhomologous re-
combination.
The proposal that vpx was originally acquired from
SIVagm by recombination was based largely on robust
phylogenetic support for a clade containing both the
HIV-2 group Vpx and SIVagm group Vpr proteins (Sharp
et al., 1996), whereas trees generated from other lentivi-
ral proteins typically show a lack of resolution between
any of the groups (Hirsch et al., 1993, 1995; Robertson et
al., 1995). We aligned Vpx and Vpr proteins from a num-
ber of different primate lentiviruses (Fig. 2a) and per-
formed phylogenetic reconstruction using PAUP4*. Trees
were generated using both the maximum parsimony and
neighbor-joining procedures and the level of support for
each node was assessed by bootstrapping (Fig. 2b). The
Sykes’ monkey sequence was excluded from the tree
because its position was dependent on the method of
phylogeny reconstruction: it was basal to a SIVagm Vpr/
HIV-2 Vpx clade with neighbor-joining, but was sister
taxon to the HIV-2 group Vpx with maximum parsimony.
Additional analysis was performed to confirm that the
bootstrap values were a good indication of the robust-
ness of the various groups, and calculation of the decay
indices for each of the branches shown in Fig. 2b sug-
gested that this was the case. Our results were largely
consistent with those reported previously, showing a
close relationship between HIV-2 group Vpx and SIVagm
Vpr proteins (Sharp et al., 1996). However, the tree was
significantly different from those which would be ex-
pected with either a single duplication or recombination
event, as shown in Figs. 3c and 3d, respectively. A single
duplication event would place the HIV-2 Vpx group as a
sister lineage to the HIV-2 Vpr group (highlighted in Fig.
3c). Alternatively, a single recombination event would
place the HIV-2 group Vpx proteins with the Vpr proteins
from the SIVagm group (highlighted in Fig. 3d). In neither
case would the resultant tree show the clade observed
in Fig. 2b which contains the HIV-2 and HIV-1 group Vpr
proteins.
To test for evidence of recombination, we next per-
formed partition analysis using the partition homogeneity
option on PAUP4*. Partition analysis (Farris et al., 1994)
measures the degree of disagreement between the phy-
logenetic signal of two or more data sets, recombination
being one explanation for significant disagreement. One
problem in using partition analysis in this situation is that
many lentiviral genes do not contain a signal strong
enough to resolve relationships among the five primate
lentiviral groups, and thus a lack of conflict between data
sets does not rule out the possibility of recombination.
Partition analyses were performed using the Vpx/Vpr
alignment shown in Fig. 2a (excluding SIVagm sab), in
combination with a 300-amino-acid alignment of (i) the
polymerase protein and, (ii) the envelope protein. Only in
the case of the HIV-1/HIV-2 Vpr clade was conflict sig-
nificant (P 5 0.02 in combination with the polymerase
protein, and P 5 0.05 with the envelope protein). No
significant conflict between the polymerase and enve-
lope data-sets was detected.
We agree with previous reports (Sharp et al., 1996) that
the most likely explanation for the results described here
is that recombination between lentiviral vpx and vpr
genes has occurred previously. It is, however, clear that
no single recombination event can account for the se-
quence similarities of the products. In particular, there
was at least equal, and in the case of partition analysis,
FIG. 1. Primate lentivirus phylogeny based on a 300-amino-acid
alignment of the polymerase protein. The figures on each branch
represent percentage bootstrap support (from 1000 replicates) for
neighbor-joining (top figure) and maximum parsimony (bottom figure).
Taxa encoding both Vpx and Vpr are indicated by an asterisk.
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more support for a HIV-1/HIV-2 Vpr clade than for a
SIVagm Vpr/HIV-2 Vpx clade. It thus appears that any
explanation of the phylogeny shown in Fig. 2b that in-
volves recombination requires at least two lateral inter-
group gene transfer events: (i) the transfer of SIVagm vpr
together with the overlapping region of the vif gene, into
an ancestor of the HIV-2 group, and (ii) the transfer of
most, or all, of an ancestor of the HIV-1 group vpr gene
into an ancestor of the HIV-2 group (or vice versa) by
homologous recombination. Figure 3 shows one possi-
ble sequence of events. Both transfers would have oc-
curred early in the evolution of the respective primate
FIG. 2. (a) Alignment of lentiviral Vpr and Vpx proteins. The overlined regions were used in subsequent phylogenetic analysis. Figures in the SIVagm
sab sequence represent amino acid residues omitted from the alignment. (b) Phylogeny of lentiviral Vpr and Vpx proteins derived from the alignment
shown in (a). Numbers above each branch represent percentage bootstrap support for a particular node after 1000 replicates with neighbor-joining
(top figure) and maximum parsimony (bottom figure). The decay index of each node is also shown. (c) Phylogeny expected after a single duplication
within the HIV-2 lineage. In this model the HIV-2 group Vpx proteins would cluster with HIV-2 group Vpr proteins (shown by bold lines). (d) Phylogeny
expected after a single recombination event leading to the transfer of the SIVagm vpr gene into the HIV-2 group. This model would result in placement
of the HIV-2 group Vpx proteins with SIVagm Vpr (shown by bold lines), but would not show support for a lineage containing HIV-1 and HIV-2 group
Vpr proteins.
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lentivirus groups (i.e., before the divergence of the four
SIVagm subgroups, HIV-2 from SIVsmm, and HIV-1 from
SIVcpz). Chimpanzees, African green monkeys, and
sooty mangabey monkeys have overlapping geographic
ranges (Wolfheim, 1983), thus potentially allowing recom-
bination between coinfecting viruses. Additional recom-
bination events are also required to explain the phyloge-
netic support for groupings within the SIVagm lineage.
The four African green monkey subspecies (Cercopithe-
cus aethiops tantalus, C. a. grivet, C. a. vervet, and C. a.
sabeus) harbor viruses that are approximately equally
related to each other (Hirsch et al., 1995; Robertson et al.,
1996; Soares et al., 1997). Our phylogenetic analysis of
their encoded Vpr proteins showed a completely re-
solved tree of all four lineages, suggesting that recom-
bination events have also occurred between members of
this group. For example, there appeared to be strong
evidence (Fig. 2b) for a monophyletic group containing
SIVagm viruses isolated from the vervet and tantalus
subspecies, whereas trees constructed from polymerase
(Fig. 1) or gag sequences (Hirsch et al., 1995) either show
a lack of resolution for this relationship or provide weak
support for a tantalus/grivet grouping. In this regard we
note that SIVagm viruses are already known to be capa-
ble of recombination with other lentiviruses: portions of
both the gag and the pol genes of SIVagm sab were
probably derived from an ancestral member of the HIV-2
lineage (Jin et al., 1994).
Although it is our opinion that recombination has oc-
curred on multiple occasions during the evolution of
lentiviral vpx and vpr genes, there are several other
explanations that may be able to account for the high
degree of robust resolution of the tree shown in Fig. 2b
and which should therefore be considered. First, Vpr and
Vpx proteins are short and difficult to align and therefore
a relatively few shared amino acid residues can have a
large influence on the support for a particular group.
Indeed, fewer than 10 shared amino acids can account
for the support shown for each of the SIVagm Vpr/HIV-2
Vpx and HIV-1 Vpr/HIV-2 Vpr groupings. Another possi-
bility is that many of the amino acids are under selection
(i.e., Vpx and Vpr have multiple functions and many of the
shared amino acids may be required for specific inter-
actions with cellular or viral proteins), and thus a signif-
icant amount of convergent evolution is occurring. Non-
independence of sites can also inflate bootstrap scores.
However, all of these factors could be expected to apply
equally well to other lentiviral regulatory proteins, such
as Tat and Rev (which are similar in size to Vpr and Vpx
and also have multiple functions) (Peterlin, 1995), but
phylogenetic trees constructed with these proteins were
less resolved than those generated with polymerase
sequences (unpublished results). We therefore think it
unlikely that any of these factors contribute significantly
to the phylogeny obtained from Vpx and Vpr sequences.
Finally, there are a number of additional primate lentivi-
ruses which have yet to be fully characterized, and anal-
ysis of their encoded gene products may reveal further
complexity regarding the evolutionary history of vpx and
vpr (Hirsch et al., 1995).
MATERIALS AND METHODS
Vpr and Vpx protein sequences were obtained by
the conceptual translation of lentiviral isolates derived
from the GenBank sequence data base. The sequence
alignment was based on that described by Sharp et al.
(1996) except that some additional gaps were intro-
duced in order to facilitate the alignment of the SIVsyk
Vpr protein. Regions in which the alignment appeared
ambiguous were omitted from the subsequent phylo-
genetic analysis.
Phylogenetic reconstruction was performed with the
PAUP4* package (written by D. L. Swofford) using both the
neighbor-joining and maximum parsimony approaches.
The robustness of individual branches were assessed by
bootstrap resampling (in all cases using 1000 replicates)
for both neighbor-joining and maximum parsimony. The
decay index for each branch was also calculated (decay
FIG. 2—Continued
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indices measure the number of additional steps required
by maximum parsimony to abolish the monophyly of a
particular clade (Bremer, 1988)).
Partition homogeneity tests were performed using the
Vpx/Vpr alignment shown in Fig. 2a (excluding SIVagm
sab) in combination with a 300-residue region of primate
lentiviral polymerase (derived from the 59 end of reverse
transcriptase) or envelope proteins (derived from the 39
end of the external glycoprotein and the 59 end of the
transmembrane protein). Because members of the HIV-2
group contain both Vpx and Vpr proteins the partition
tests were performed in duplicate, with the Vpx proteins
of this group being excluded from one data set and the
Vpr proteins from the other.
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